S U M M A R Y Long-period precursors to SS resulting from underside reflections off upper mantle discontinuities (SdS where d is the discontinuity depth) can be used to map the global distribution and depth of these reflectors. We analyse 5,884 long-period seismograms from the Global Digital Seismograph Network (1976-1987, shallow sources, transverse component) in order to identify SdS arrivals. Corrections for velocity dispersion, topography and crustal thickness at the SS bounce point, and lateral variation in mantle velocity are critical for obtaining accurate estimates of discontinuity depths. The 410 and 660 km discontinuities are observed at average depths of 413 and 653 km, and exhibit large-scale coherent patterns of topography with depth variations up to 40 km. These patterns are roughly correlated with recent tomographic models, with fast anomalies in the transition zone associated with highs in the 410 km discontinuity and lows in the 660 km discontinuity, a result consistent with laboratory measurements of Clapeyron slopes for the appropriate phase changes. The best resolved feature in these maps is a trough in the 660km discontinuity in the northwest Pacific, which appears to be associated with the subduction zones in this region. Amplitude variations in SdS arrivals are not correlated with discontinuity depths and probably result from focusing and defocusing effects along the ray paths. The SdS arrivals suggest the presence of regional reflectors in the upper mantle above 400 km. However, only the strongest of these features are above probable noise levels due to sampling inadequacies.
INTRODUCTION
Seismologists have found evidence for discontinuities in the upper mantle at a variety of depths, but the significance of differences in these depths is not yet clear. Are these differences required by the data or could they be a result of different modeling assumptions? Do they describe global features or do they represent more regional velocity anomalies? Is there topography on the major discontinuities? How reliable are observations of reflectors outside the major discontinuities? Fig. 1 plots upper mantle discontinuity depths from observations given in 55 papers over the last 25 years (for the purposes of this plot and for the remainder of this paper, the term 'discontinuity' is used loosely to refer to either an abrupt velocity change or a steep velocity gradient). Although undoubtedly some authors have been left out of this compilation, the overall pattern is clear. Consistent evidence has been found for the well-known discontinuities near 410 and 660 km, but depths to these features have varied by 40 km or more. There have also been sporadic observations of discontinuities near 220 and 520 km, and occasional evidence for discontinuities at other depths as well, particularly in the region above the transition zone.
Traditional investigations of mantle discontinuities based on the techniques of refraction seismology have recently been supplemented by a wealth of new observations of secondary seismic phases caused by discontinuity reflections and phase conversions. Analyses of these phases using stacking and other reflection seismology methods are beginning to provide much more detailed images of discontinuity structure than were previously possible. Revenaugh & Jordan (1987 , 1989 , 1991a pioneered the use of long-period ScS reverberations to study discontinuity structure and found significant variations in the depths to the 410 and 660 km discontinuities and identified numerous reflectors in addition to the major discontinuities. They found reflectors near 520, 710 and 900 km and at a wide
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Up per-Man t la Disc on tin ui t y 0 bse rva t range of depths above 400 km depending upon the region sampled. Recent global stacks of long-period body wave data have confirmed the existence of discontinuities near 410, 520 and 660km, but find n o evidence for globally coherent discontinuities above 400 km (Shearer 1990 (Shearer , 1991 . Longperiod SS precursors have particularly good global coverage, and analyses of these phases have indicated large-scale topographic variations on the 410 and 660 km discontinuities with depth variations of about 30 km (Shearer 1991; Shearer & Masters 1992 ). This paper is concerned with the general problem of using SS precursors to map reflectors within the upper mantle. Goals of this research include producing maps of topography on the 410 and 660 km discontinuities and assessing the reliability of apparent observations of regional reflectors at other depths. This work is a continuation of previous analyses of long-period discontinuity phases (Shearer 1990 (Shearer , 1991 Shearer & Masters 1992) to which the reader is referred for additional details regarding some of the data and techniques. This paper describes more data and improved analysis methods compared to the previous work; these differences will be emphasized where appropriate.
PRECURSORS TO SS
Long-period precursors to SS which result from underside reflections off upper mantle discontinuities have the ray geometry shown in Fig. 2 . Differential times between these phases and SS (i.e. SS-SdS where d is the discontinuity depth) provide a measure of the two-way S traveltime between the surface and the discontinuity. Structure near the sources and receivers is relatively unimportant since the SS and SdS ray paths are nearly identical except near the Figure 2 . SS, S4,$ and S, , , S ray paths at 140" range plotted for the ISAPEI91 velocity model. bounce points. Although long-period SdS arrivals can be imaged at ranges as close as 75", they are seen most clearly between 110" and 180" where they do not overlap with the topside multiples following direct S (e.g. Shearer 1991) . Our previous studies of SdS phases restricted the analysis to seismograms in which the amplitude of the SS arrival was at least five times larger than the preceding 'noise'. For Global Digital Seismograph Network (GDSN) data from 1976 to 1987, this limited the number of seismograms to 3,139 for shallow events (<75 km) at ranges between 110" and 180" (Shearer & Masters 1992) .
We now explore the effect of changing this signal-to-noise cut-off for the SS arrivals to see if more data can be used. Fig. 3 is a smoothed histogram of apparent discontinuity depths obtained from seismograms of varying SS amplitude levels. SdS arrivals are identified by computing the cross-correlation function between the SS arrival and the remainder of the seismogram (see Shearer 1991 , for details of this method). This procedure obtains traveltimes and amplitudes of possible SdS arrivals relative to the SS traveltime. Assuming an upper mantle velocity model, these times can be converted to apparent discontinuity depths. The histograms in Fig. 3 show the difference between the positively and negatively correlated apparent SdS arrivals; this is why each histogram has approximately zero mean. The 410 and 660km discontinuities can be identified as peaks in these plots, even for SS arrivals with signal-to-noise ratios as low as 2 to 3. This suggests that much of the 'noise' preceding SS contains information about upper mantle reflectors, although the expected amplitude of SdS arrivals is typically less than 10 per cent of SS (e.g. Shearer 1991) . It is interesting to note in Fig. 3 that although small peaks above 400 km appear on individual histograms, they are at varying depths for these different subsets of the waveforms. Only the peaks near 410, 520 and 660km appear consistently throughout the data.
Subsequent analyses in this paper are restricted to Discontinuity Depths from SS Precursors Apparent discontinuity depth (km) Figure 3 . Histograms of apparent discontinuity depths for a range of SS signal-to-noise ratios. Each histogram shows the difference between the positively correlated picks and the negatively correlated picks in a 10 km depth bin and has been smoothed by a cos2 function of 30 km half-width. The range of SS signal-to-noise levels for each histogram is shown to the right; histograms are offset for clarity. Notice that the 410 and 660 km peaks can be seen at all SS signal levels considered.
seismograms with SS signal-to-noise ratios greater than 3. This results in 5,884 traces (GDSN 1976 (GDSN to 1987 depth < 75 km, 110" to 180" range), a significant increase in data over the 3,139 seismograms used in Shearer & Masters (1992) . SS bounce-point locations for these traces are shown in Fig. 4 . The bounce-point distribution provides reasonable global coverage for imaging upper mantle discontinuities. However, it is important to remember that these models are for seismic energy at about 1 Hz, whereas the data used in this paper are at periods of about 25 s. Seismic velocities are reduced slightly at longer periods due to the effects of dispersion. PREM specifies Q as a function of depth, so velocities and traveltimes can be computed at arbitrary periods. Fig. 5 shows the difference between vertical traveltimes for PREM at 25 s compared to PREM at 1 s. This difference is much larger than the difference between IASPEI91 and the PREM at l H z , and amounts to about 0.7 s at 400 km and 1.1 s at 650 km. Use of the 25 s PREM model will reduce the calculated average apparent depths to the 410 and 660km discontinuities by roughly 3km and 6 km, respectively. Previous analyses of SS precursors (Shearer 1991; Shearer & Masters 1992 ) assumed PREM at 1 Hz and thus did not properly account for velocity dispersion. Note that our new analysis does not attempt to account for the extra pulse broadening from attenuation in SS relative to SdS, but the use of the 25s PREM model corrects to first order for the time shift between the t* operators for these phases.
In order to obtain the best possible discontinuity depth estimates at individual SS bounce points, corrections must be applied for lateral velocity variations in the mantle. Current mantle tomography models (e.g. Masters & Bolton 1991; Woodward et al. 1992 ) apply corrections for differences in surface topography and crustal thickness before inverting the data for velocity structure. Thus, we must adjust the SS-SdS times for bounce-point topography and crustal thickness as well as apply corrections for deeper 3-D structure using the velocity models. Fig. 6(a) shows traveltime corrections to SS at 140" for topography and crustal thickness (using the method discussed in Woodward & Masters 1991) . The SS arrivals are delayed on the continents relative to the ocean, due to the higher topography and thicker crust on the continents. The average global correction is -2.8s and reflects the fact that oceans cover roughly 70 per cent of the surface. For SS-SdS at 140°, this 2.8 s correction will cause about an 8 km increase in the average apparent depth to the 410 km discontinuity, and an 11 km increase in the depth to the 660 km discontinuity.
In order to correct for mantle heterogeneity, two different shear velocity models are used and the results compared: model SHlOC of Masters & Bolton (1991) and model SH8WM13 of Woodward et al. (1992) . Lateral variations in each model are specified by spherical harmonics up to degree 10 for SHlOC and degree 8 for SH8WM13. Model SHlOC divides the mantle into 11 spherical shells of approximately equal thickness while SH8WM13 uses Chebyshev polynomials to specify a vertically smooth model. For each SS-SdS time, an iterative procedure is used to find the discontinuity depth at which the predicted SS-SdS time (corrected for perturbations along the SS ray between the surface and the discontinuity) is equal to the observed time (corrected for topography and crustal thickness). Perturbations along the SS and SdS rays below the discontinuity are ignored since they will be nearly identical for these low-order heterogeneity models.
These mantle heterogeneity models predict significant corrections to the apparent discontinuity depths obtained from SS-SdS times. This is a substantial advantage of SS precursors over most other discontinuity phases which generally image discontinuities only in regions near the sources and receivers. Coverage is especially good in the northwest Pacific, midway between earthquakes in the southwest Pacific and stations in Europe and North America.
CONVERSION FROM TIME TO DEPTH
SS-SdS arrival times obtained from these seismograms are converted to discontinuity depths by assuming a reference radial velocity model and applying corrections for lateral variations in mantle structure. In previous analyses this was done using PREM as the reference and SS-S times from Woodward & Masters (1991) to account for mantle heterogeneity. We have now improved this procedure to account more accurately for bounce-point topography and crustal thickness, dispersion, and current models of mantle S-wave structure.
The SS-SdS times are directly related to the two-way S traveltime between the surface and the discontinuity. The S-wave velocity at 410 and 660km is about 4.8 and 5.7 km s-', respectively. Thus, a 2 s difference in two-way vertical traveltime will cause changes of roughly 5 to 6 km in depths to these discontinuities. Variations in the assumed radial reference model will directly affect the calculated discontinuity depths. Fig. 5 shows a comparison between integrated vertical S traveltimes for the isotropic PREM (Dziewonski & Anderson 1981) and IASPEI91 (Kennett 1991) models (the ocean in PREM has been filled in for this calculation). The differences between these models are generally very small, particularly below 400 km depth. For example, at 410km the models agree within about 0.2s, which would cause a change in the depth to the 410km discontinuity of only about 1 km. Time -PREM (s) SS times at 140" resulting from structure between the surface and 660km for the two models. Model SHlOC predicts differences in SS traveltimes of -5 to 4s, while SHRWM13 predicts anomalies of -7 to 6 s ; each model has zero mean. These SS traveltime differences predict variations in the apparent depth to the 660 km discontinuity of 35 to 50 km. The corrections are comparable in size to the actual topography on the discontinuities (see below), so the accuracy of the corrections is very important. A comparison of Figs 6(b) and (c) shows that although SHlOC and SHRWM13 agree quite well in the overall shape of the upper mantle heterogeneity pattern, there are significant differences between the models. The SHRWM13 anomalies are about 50 per cent larger than the SHlOC anomalies and differ in some specific regions such as South America and Antarctica. Differences between SHlOC and SH8WM13 are minimized in this plot which shows the integrated anomaly between the surface and 660 km; somewhat larger differences are seen between the models at shallower depths. These discrepancies will translate into differences in calculated topography on the major discontinuities, and uncertainties in the upper mantle velocity models are probably the largest source of error in the determination of discontinuity depths. In order to make these uncertainties clear, we present results obtained from separate analyses using each model. A possible complication is the effect that the discontinuity perturbations have on the tomographic models, which are derived assuming no discontinuity topography. Fortunately, these effects are small since 410 and 660 km depth variations have much less influence on traveltimes for transmitted waves (used in the tomographic inversions) than for reflected waves (i.e. the SS precursors). Consider vertical wave propagation across a discontinuity with a shear velocity contrast of A p and a mean shear velocity of B. A depth perturbation Az will cause a traveltime change in the transmitted S wave of Attr,,, = AzAp/p2 (assuming AB << B) and a change in the reflected-wave traveltime (one-way) of Atrefl = Az/B. The ratio of the transmitted-toreflected traveltime changes is AttranslAtrefl = Ap/B. For the PREM model near 660 km, Ap/B = 6.5 per cent. Thus, a 15 km change in discontinuity depth will induce an anomaly in the tomographic models which will cause only a 1 km error in the corrections to the measured discontinuity depths. This is a second-order effect which we choose to ignore in this paper.
Our previous analyses of discontinuity depths from SS precursors (Shearer 1991; Shearer & Masters 1992 ) used SS-S times to correct for lateral velocity variations. This technique, while suitable for preliminary work, suffered from many limitations. The SS-S times provide only an approximation to the desired model of velocity variations in the upper mantle and have no depth resolution. They can be used to correct 660 km depths to the extent that the relatively weak mid-mantle heterogeneity (which will affect the S traveltime) can be ignored, but will give more biased results for 410 km depths since the effect of transition-zone heterogeneity will be incorrectly modelled. Finally, our prior analyses used raw SS-S times which we (erroneously) believed had not been corrected for bounce-point topography or crustal thickness. Since these bounce-point differences should then appear in the SS-S times, in principle by using these raw times we could directly correct for these differences. However, in fact the times we used had been adjusted for topography (but not for crustal thickness), so topographic corrections were not accounted for. This was a significant error since bounce-point topography predicts differences of several seconds in SS traveltimes between continents and oceans.
Our present analysis corrects these problems as well as using a more appropriate reference radial model for long-period data (PREM at 25s). The inclusion of proper topographic corrections moves the discontinuities to deeper average depths (since the mean surface height is below sea-level), whereas the slower velocity model moves the discontinuities to shallower depths. Our current best to the fraction of seismograms which contain apparent SdS arrivals at a given depth. The cap number is shown to the left of each histogram; the locations of each cap can be found in Fig. 7 . The number of seismograms within each cap is plotted to the right of histogram. 413 of the 416 caps contain at least one seismogram, while 338 caps contain 10 or more seismograms. Discontinuity depths have been corrected for topography, crustal thickness and mantle structure using model SHlOC. The thin vertical lines are at 413 and 653 km, the globally averaged depths of the 410 and 660 km peaks.
The reliability of these histograms varies with the quantity of data that they are averaging. Caps containing a large number of seismograms generally have well-defined peaks for the 410, 520, and 660 km discontinuities. Caps 71 to 76, each containing over 200 traces, provide an example of this. The major discontinuities are generally not resolved for caps which contain 10 or fewer seismograms (e.g. caps 125 t o 127). The largest peaks are usually found near 410 and 660km, particularly for the caps with the most data. However, peaks at other depths are occasionally as high as or higher than the 410 and 660 km peaks. The triangles show the estimated depth (and standard error) of the 410 and 660 km discontinuities on individual histograms. These estimates are obtained by identifying the largest peak within 50 km of the target discontinuity depth in the smoothed histograms. In order to estimate standard errors for these discontinuity depths, a bootstrap method (e.g. Efron & Tibshirani 1991) is used which randomly resamples the data prior to the smoothing and peak identification. Discontinuity depths are only estimated for caps with 10 or more seismograms. The histograms are then checked by hand and depth estimates removed which appear unreliable due to low peak amplitudes or ambiguities from multiple peaks.
estimates of the mean discontinuity depths are 413 and 653km, compared to our previous results of 415 and 659 km .
THE BINNING PROCEDURES
Although in principle discontinuity depths could be obtained at each of the SS bounce points shown in Fig. 4 , in practice the apparent SdS arrival times are so scattered that stable depth estimates are derived only by averaging results from many seismograms. Shearer (1991) performed this averaging using a tectonic regionalization scheme and found no significant differences in average depths to the 410 and 660 km discontinuities between major tectonic regions, but found some evidence for a depression in the 660km discontinuity near the subduction zones in the northwest Pacific. Shearer & Masters (1992) adopted a more direct approach of finding the average discontinuity depth within equally spaced caps of lo" radius and using these values to produce a global map of topography on the 660km discontinuity. This map indicated depth variations in the 660 of up to 30 km, and confirmed the existence of a trough in the discontinuity behind the Kuril-Kamchatka subduction zone.
In this paper, we continue using the cap averaging scheme. Fig. 7 shows the centres of the 416 caps which are spaced approximately 10" apart. For each cap, histograms of discontinuity depths are produced for SS bounce points within a 10" radius (with some overlapping between adjacent caps). Fig. 8 shows each of the individual histograms of discontinuity depths from 0 to 1000 km. These are computed and smoothed in the same way as the histograms shown in Separate estimates of discontinuity depths are obtained for MAPPING THE DISCONTINUITIES the raw data (no corrections for topography, crustal thickness or velocity models), the SHlOC corrected times,
Figures 9 and 10 map the apparent depths to the 410 and and the SH8WM13 corrected times. A table of the 660km discontinuities at the cap locations. Depths are discontinuity depth estimates and their standard errors at shown as residuals relative to the mean discontinuity depth each of the cap locations is available from the author for each map. Only depths with estimated standard errors (E-mail address: pshearer@ucsd.edu).
less than 10 km are plotted. Results are shown for the raw SS-SdS times, the SHlOC corrected times, and the SH8WM13 corrected times. The raw times include no topographic or crustal thickness corrections; the corrected times include these adjustments. The global average of discontinuity depths for the raw data (406 and 646 km) are less than the average depths for the corrected data (413 and 653 km) due to the non-zero mean of the topography and crustal corrections (see above). These maps indicate large-scale coherent patterns of discontinuity topography with up to about f 2 0 km of relief. In order to produce smooth maps of discontinuity topography, we use the method of spherical splines on the cap-averaged depths and their standard errors. We require at least 10 seismograms per cap and standard errors in depth of less than 30 km. Results are shown in Fig. 11 for both discontinuities and models SHlOC and SH8WM13. This technique gives the surface with the smallest second lateral derivative integrated over the sphere of a given target x2.
We use a x2 of 300 for each fit; the number of data points varies from 311 to 327. Changing the target x2 so that the data are substantially over-or under-fitted results in maps of similar shape but with variable amplitude. The equivalent 886 P. M . Shearer Table 1 and have nearly all their power in the first eight harmonic degrees. Although the spherical spline method does not produce models with large structure in regions with no data, the topography shown in Fig. 11 should not be accepted without reference to Figs 9 and 10 to see where the data actually constrain the model. For example, the large depression shown in the 660km discontinuity near the Phillipines results from a fairly small number of data points, and the structures near South America are largely interpolated from a sparse distribution of data. Some differences are apparent between the SHlOC and SH8WM13 corrected maps. The discontinuity highs in northern Canada and Eurasia are reduced for the SH8WM13 results, reflecting the higher upper mantle velocities in these regions for SH8WM13 compared with SHlOC. Significant differences also exist for regions near South America, the Phillipines, Antarctica and New Zealand. The 660 km models also differ substantially from model Topo660a (Shearer & Masters 1992) . The newer models should be more accurate due to the increase in the number of seismograms used, the proper application of topographic corrections, and the use of velocity models rather than SS-S times to correct for mantle structure. The apparent correlation between subduction zones and depressions in the 660 km discontinuity seen in model Topo660a is less convincing in the new models. The depression near Tonga is greatly reduced in size and the South American depression is suggested only in the SHSWM13 corrected model, although the sparse data coverage in both areas does not exclude the possibility of larger depressions. There is evidence for at least a localized depression in the 660 km discontinuity beneath the Tonga slab from studies of S-to-P conversions from deep-focus events (e.g. Bock & Ha 1984; Richards & Wicks 1990) . The new models also show a significant depression in the 660 km discontinuity in the northeast Atlantic, a region not associated with current subduction. This feature is unlikely to be an artefact due to inadequate mantle corrections, since an analogous depression is not seen in the 410km discontinuity (although this feature is not constrained by a 888 P. M. Shearer large number of data). The most robust feature in the 660 km topography continues to be the depression in the northwest Pacific, which does not appear in the map of 410 km depths and is constrained by numerous SS bounce points.
As discussed in Shearer & Masters (1992) , this trough appears associated with the Kuril-Kamchatka subduction zone and agrees roughly in position with recent topographic studies (van der Hilst et af. 1992; Fukao et al. 1992) which image fast horizontal velocity anomalies in the transition zone extending westward from the point at which the slabs intersect the 660 km discontinuity. Recent analyses of S-to-P conversions in this area indicate that this depression may be slightly deeper in the immediate vicinity of the slabs (Vidale & Benz 1992) . In our new models this anomaly extends southward to the region around the Phillipines where it may be associated with the Phillipine and Mariana subduction zones. Unfortunately, the SS bounce-point distribution, while improved over that used in model Topo660a, is still too sparse to resolve the precise position of this southern anomaly relative to the subduction zones. However, it clearly is a significant feature, which, at least for the SH8WM13 corrected data, is associated with a slight elevation in the 410 km discontinuity. This is consistent with mineral physics predictions for a cold-temperature anomaly in the transition zone (see below). Table 1 . Table 1 . Spherical harmonic coefficients for the spherical-spline models shown in Fig. 11 . Coefficients are normalized as in Stacey (1977) . Models 410b and 660b are SHlOC corrected; 410c and 660c are SHSWM13 corrected. Takahashi 1989) , and y = -4.0f 2.0 MPa/"K (Ito et nl. 1990). The negative Clapeyron slopes for the 660 km phase change imply an endothermic reaction in which the discontinuity moves upward at higher temperatures. Thus, the 410 and 660 km discontinuities should move closer together in warm regions and further apart in cold regions.
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Revenaugh & Jordan (1991a) find evidence for such a negative correlation from ScS reverberation data, while Stammler et al. (1992) observe a positive correlation in P-to-SV conversions which they attribute to the effect of lateral heterogeneity above the transition zone. Corrections for lateral heterogeneity are critical for these comparisons since either under-or over-correcting the data for heterogeneity above 400 km can introduce spurious correlations between 410 and 660 km depths. Fig. 12 
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result from inadequate corrections for the velocity structure above 400 km, but it is difficult to quantify this argument. To the extent that one believes that the depths should be anti-correlated, the SH8WM13 corrections appear to come somewhat closer to producing the desired result. In all cases, the depths to the 660 km discontinuity exhibit greater variability than depths to the 410 km discontinuity. The greater variability in the 660 km depths is also seen in other discontinuity phases (Shearer 1991) , and is consistent with the most recent laboratory measurements which indicate that the Clapeyron slope of the 660km phase change is significantly larger in magnitude than the slope for the 410 km discontinuity.
A different test of the sign of the Clapeyron slopes of the 410 and 660 km discontinuities can be made by comparing discontinuity depths with SHlOC and SH8WM13 velocity anomalies. Fig. 13 892 P. M . Shearer zone for rays within the same cap. Negative traveltime anomalies indicate faster velocities and presumably colder temperatures. Colder temperatures should elevate the 410 km discontinuity and depress the 660 km discontinuity; thus we should expect to see a positive correlation between transition-zone traveltime anomalies and discontinuity depths for the 410 km discontinuity, and a negative correlation for the 660 km discontinuity. Although the data exhibit considerable scatter, they appear roughly consistent with this picture.
The transition-zone thickness as measured by the differential depth d , , -d41,, should be relatively unaffected by lateral heterogeneity above 400 km, and maps of this thickness probably provide a less biased measure of discontinuity structure than either of the individual maps of discontinuity depths. Fig. 14 shows a map of d,rd4 ,0 for those caps with an estimated standard error in depth of 15 km or less. The small differences between these maps are due to variations in the transition-zone velocities in models SHlOC and SH8WM13. A region of increased transitionzone thickness is seen in the northwest Pacific, consistent with the trough in the 660 km discontinuity in this region. This confirms that this feature cannot be a result of inadequate corrections for lateral heterogeneity above 400km. The existence of a depression in the 660km discontinuity in the northeastern Atlantic is also supported by an apparent increase in transition-zone thickness. In contrast, the depression seen in the '660' in southwestern North America appears to be less reliable since it is not clear in the transition-zone thickness map.
. . Taken at face value, the overall pattern in Fig. 14 indicates cold transition-zone temperatures in the western Pacific and northeastern Atlantic, and warm temperatures in the southern Pacific and Indian Oceans. Since these temperature anomalies should also cause variations in seismic velocities, we might expect to see a correlation between apparent transition-zone thickness and traveltime anomalies within the transition zone. Fig. 15 shows SS traveltime anomalies from SHlOC and SH8WM13 for structure between 410 and 660 km, compared with transition-zone thickness. Since the computed transitionzone thickness depends slightly upon the transition-zone velocity anomalies (which could produce a spurious correlation), results are shown both before and after correcting the discontinuity depths for these anomalies. As predicted, a negative correlation can be seen between the traveltime anomalies and d,,,,-d,,,, for the depth-corrected plots. The SH8WM13 velocity anomalies show the clearest negative correlation, even with the uncorrected depths.
These results show that depths to the 410 and 660km discontinuities appear to be roughly correlated with mantle anomalies in the sense that is predicted by laboratory measurements of Clapeyron slopes for the appropriate phase changes. Eventually it may be possible to use these results to help calibrate the relationship between temperature and velocity perturbations in the transition zone. A good target area for such a study is the northwest Pacific, where a large well-resolved depression in the 660 km discontinuity appears to correlate with a fast velocity anomaly in the transition zone (e.g. Masters et al. 1982; Woodhouse & Dziewonski 1984; Fukao et al. 1992) .
AMPLITUDE ANALYSIS
The cross-correlation method used to obtain SdS arrival times also provides a measure of the apparent amplitude of the SdS pulse relative to SS. These amplitudes tend to be biased toward large values, making the absolute amplitude information difficult to interpret (see discussion in Shearer 1919), but relative amplitude comparisons are still of interest. Fig. 16 maps average amplitude anomalies for S,,,,S and S,,,S arrivals at the cap locations. The amplitudes are determined by computing the average amplitude of SdS phases for discontinuity depths within 30 km of the peaks in the depth histograms. The amplitudes exhibit some spatial coherence, but these patterns do not appear to correlate with the depth anomalies plotted in Figs 9 and 10. This is confirmed by the scatter in Figs 17(a) and (b) which plot 410 and 660 amplitudes versus discontinuity depths, and indicate no clear correlation between amplitude and depth. In contrast, Revenaugh & Jordan (1991a), using ScS reverberation data, observed a correlation between the S-wave reflection coefficient and apparent depth to the 660 km discontinuity, with the reflection coefficient becoming smaller as the discontinuity becomes deeper. Their results indicated about a factor of 2 change in the reflection coefficient for a 30 km change in depth. The results shown in Fig. 17 are inconsistent with such a strong dependence of the reflection coefficient with discontinuity depth on a global scale. However, it is still possible that such a dependence may occur in specific regions such as those in the Revenaugh & Jordan study.
What is the cause of the large amplitude variations seen in the SdS arrivals? Although S,,J and S,,J amplitudes d o not appear correlated with discontinuity depth, they are strongly correlated with each other (see Fig. 17c ). This argues against the amplitude variations being a result of heterogeneity. In this case differences in the S, , , , S and Sm,S amplitudes are not directly related to any properties of the discontinuities themselves.
REFLECTORS A B O V E 410 KM?
focusing -or defocusing effects caused by -discontinuity topography, since it is probable that the depths to the discontinuities are anti-correlated (see above). (It is In addition to the major discontinuities near 410 and 660 km interesting to note that SdS rays are focused not by simple in the upper mantle, there have been numerous hills or valleys in the discontinuities, but rather by observations of additional reflectors at other depths (Fig. 1) . saddle-shaped structures, see discussion below). It is more
The P-wave refraction analyses of Dey-Sarkar & Wiggins likely that the amplitude variability is a result of focusing or (1976) number of upper mantle discontinuities for which they found evidence. However, many other analyses have produced much smoother models with discontinuities only near 410 and 660km. Owing to differences in modelling assumptions it is difficult to judge the significance of the presence or absence of a discontinuity in a particular model. Using ScS-reverberation data, Revenaugh & Jordan (1991a,b) found reflectors near 520,710 and 980 km and at a variety of depths above 400km. Revenaugh & Jordan (1991a) grouped the latter features into what they termed the H discontinuity (43 to 89 km), the G discontinuity (51 to 93 km, negative velocity contrast), the L discontinuity (186 to 281 km), and the X discontinuity (278 to 343 km). Recent global stacks of long-period body wave data have highlighted the existence of discontinuities near 410, 520 and 660 km, but find no clear evidence for discontinuities above 400 km (Shearer 1990 (Shearer , 1991 . However, regional reflectors might not show up in these stacks, particularly if they are highly variable in depth as the Revenaugh & Jordan results suggest. The individual histograms shown in Fig. 8 contain numerous peaks in addition to those at 410, 520 and 660 km. In some cases these features appear to be coherent between adjacent cells. For example, a peak near 130 km appears in Fig. 8 ; a circle diameter of -10" corresponds to picks caps 269 to 273 in the Indian Ocean. These features do not occur at uniform depths over the globe, which is why no consistent peaks appear in the histograms shown in Fig. 3 . It is difficult to visualize the geographic distribution of the peaks in Fig. 8 and the degree to which they are spatially coherent. An alternative way of presenting these histograms is shown in Fig. 18 bandwidth of the data, the cross-correlation procedure tends to identify negative peaks adjacent to the positively correlated main peaks. Although conceivably some of the negative values shown in Fig. 7 result from negative impedance contrast reflectors (e.g. the top of low-velocity zones), the vast majority undoubtedly result from sidelobe artefacts. In future work, it may be possible to reduce the size of these artefacts through deconvolution or using broader band data. The main purpose of Fig. 18 is not to image the major discontinuities (which were discussed earlier), but to explore Long-period precursors to SS 897 the possible presence of additional reflectors at other depths. A peak found on a single histogram is not very convincing, but when a feature is seen in several adjacent caps it is more likely to be real. Caps which are greater than 10" apart d o not share any seismograms in common and so represent independent samples. Many apparent reflectors, spanning three or more adjacent caps, are seen in Fig. 18 , some of which appear nearly as strongly as the major reflectors. However, before accepting the reality of these features it is important to perform checks on their validity.
Our first check involves randomly scrambling the . . . . . cannot indicate actual earth structure. Examples of these anomalies include an apparent reflector at about 240km beneath the Gulf of Mexico and a feature at about 310 km beneath South America. As one would expect, the anomalies tend to be largest for those caps with the smallest number of data, and the anomalies are not generally coherent beyond a few adjacent caps which have data in common. Figure 19 shows that many of the smaller features seen at equivalent depths in Fig. 18 could be due to random chance. However, the larger anomalies in Fig. 18 appear to be statistically significant and often span larger areas than one would expect from pure chance, A disturbing aspect of Fig.  18 is that the anomalies tend to be largest in the caps with the fewest data. Caps containing 50 or more seismograms exhibit smaller anomalies. However, these smaller anomalies are still significantly larger than those predicted by random chance for caps with 50 or more traces. Figure 19 suggests that the more prominent of the apparent reflectors seen above 400 km are unlikely to be a result of random fluctuations due to an inadequate number of data. However, this does not establish the reality of the reflectors, since seismograms within most caps have similar source and receiver regions and one could imagine sources of systematic noise which would cause apparent SdS arrivals. In order to test this possibility, we examined discontinuity depth histograms for selected caps which contained SS bounce points at different ray azimuths. The greatest variety of bounce-point azimuths are available in the northern Pacific. Fig. 20 shows bounce-point locations and azimuths in this area and the locations of seven caps which contain 50 or more seismograms in each of two distinct azimuth bins (50"-130" and 140"-220"). Fig. 21 plots histograms for these caps. If the shape of the depth histograms was entirely determined by discontinuity structure at the bounce points, we might expect to see very similar histograms for each azimuth grouping. However, agreement between the histograms outside the major discontinuity peaks is generally poor. This is unlikely to be due to differences in the positions of the bounce points within each cap since histograms from adjacent caps tend to be correlated.
The clear conclusion for these caps is that peaks above 410 km and below 660 km are not reliable features and should not be interpreted as indicating reflectors beneath the SS bouncepoints. This is not particularly surprising when one considers that n o large anomalies are seen for these caps in the depth slices shown in Fig. 18 , and the results of the random resampling test indicate that small peaks are t o be expected due purely to chance. The possibility remains that the larger features seen in Fig. 18 are caused by discontinuity structure, but, unfortunately, these features typically are not defined by SS bounce points at a variety of azimuths. One exception is the apparent reflector at about 130km depth beneath the Indian Ocean. Fig. 22 shows bounce-point locations and azimuths in this area and the locations of two caps which contain 20 or more seismograms in two azimuth bins. Histograms for these caps are plotted in Fig. 23 . In this case there does appear to be some agreement in the peaks near 130 km. The offset in depths for the different azimuths within cap 271 could be a result of differences in the distributions of SS bounce points within
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Depths f o r D i f f e r e n t Ray A z i m u t h s the cap and the reflector becoming more shallow to the east. Thus, there is some evidence that the apparent 130km reflector beneath the Indian Ocean is real and not a result of structure near the sources or receivers. However, within these same caps, there is disagreement between the histograms regarding the presence of a reflector at about 310 km.
Do the apparent reflectors plotted in Fig. 18 show any agreement with previous models? Comparisons with the ScS-reverberation results of Revenaugh & Jordan (1991a) are in many respects the most relevant since the data and techniques used by Revenaugh & Jordan are similar to those used in this study. The SS bounce-point coverage is sparse in many of the regions sampled by Revenaugh & Jordan, but comparisons are possible to areas to the north of Australia. In some of these areas there is rough agreement in observed reflector depths, but overall there is no convincing evidence of a correlation between the Fig. 18 patterns and the reflectors obtained from the ScS reverberations. A more definitive comparison will be possible as data from many of the new global seismic stations become available and the SS bounce-point coverage improves (see below). It is difficult to compare directly the SS-precursor results with the many regional and global tomography models for 3-D upper mantle S-wave structure, because the tomography models are usually expressed as smooth perturbations to a reference model. These perturbations are typically on the order of 5 per cent variations, which are large enough to cause long-period reflections if the velocity gradients were sufficiently steep (the reflection coefficient for 25 s shear waves falls off rapidly when the gradient region is thicker than about 25 km). However, in most cases, smoothness constraints imposed during the tomography-inversion procedure limit the sharpness of velocity changes in the models to longer scale lengths. Thus most tomography models d o not predict long-period reflections except for the major discontinuities. It is probable, however, that models exist with much sharper velocity changes which are equally compatible with the data used in the tomographic studies.
There is, as yet, no clear answer regarding the believability of the larger features shown in Fig. 18 at depths outside the major discontinuities. However, the rapidly 902 P. M. Sheurer improving distribution of global digital stations ensures that future analyses will give more definitive results. The increase in the number of seismograms will reduce the noise due to inadequate sampling, while the improved azimuthal coverage will permit better checks on the stability of the apparent reflectors. The simple histogram analysis presented here in which structure is assumed to occur only at the SS bounce point, while suitable for a preliminary analysis of the data, is too limited to account properly for the 3-D scattering effects. In principle, with suitable data coverage, techniques could be developed to 'migrate' the wavefield to account for off-axis scattering. The histogram technique is highly non-linear and does not preserve true amplitude information since only the times of possible SdS arrivals are used. It will be useful to experiment with stacks of the actual waveforms to see if similar results can be obtained. The resolution of long-period data can be approximated by the size of the Fresnel zone. Fig. 24(a) plots the traveltime difference in seconds for deviations in the SS bounce-point position at 140" range. Note that the SS bounce point is a saddle point rather than a minimum time phase, consistent with the Hilbert transformed nature of this phase. For long-period GDSN data, the first Fresnel zone is approximated by the f 5 s contours in Fig. 24(a) , a region about 15" across. It is also interesting to consider how a single point scatterer might appear in these data. Fig. 24(b) shows the apparent discontinuity depth as a function of position relative to a point scatterer at a depth of 350 km. It is analogous to the scattering hyperbola in reflection seismology, along which one would stack in order to migrate the data. An observation of such a pattern in the maps of apparent discontinuity depths would be an indication of a strong point scatterer in the earth (although no such pattern is clear in Fig. 18 ).
An ultimate goal of this research will be to directly invert the SS precursor waveforms for 3-D earth structure using a suitable synthetic-seismogram method. Finite difference modelling may be necessary to include fully the effects of diffraction and multiple scattering. It is conceivable that eventually every small wiggle between the major seismic phases in long-period data will be explained directly in terms of earth structure, rather than dismissed as noise or attributed to scattering from random heterogeneities which can only be described statistically.
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